An equalizer based on multilayered half mode substrate integrated waveguide (HMSIW) structures with high -factor, low loss, and compact size is proposed for the first time. Resonant cavities distributing in the upper substrate and the bottom substrate, with the middle substrate layer which works as the transmission line together, constitute a multilayer structure. The design method and theoretical analysis are summarized first. The mode analysis, simulated results, and measured results are all provided. The measured results show a good performance and are in agreement with the simulated results, and the maximum attenuation slope reaches −16 dB over 12.5 GHz∼14.5 GHz. With the use of absorbing pillars, the attenuation and value can be tuned more easily than the other planar equalizers. Compared with the SIW equalizer, the size of this structure reduces by 50%. Furthermore, this structure is suitable for the miniaturization development of equalizers.
Introduction
The equalizers are used to compensate the output gain slope fluctuation of traveling wave tube amplifiers (TWTAs) in the radar systems [1] . The equalizers are placed mostly between the preamplifier and the postequipped TWTA rather than the back-end of TWTA due to the high output power of TWTA. The preamplifier provides the same exciting power at each frequency point for the post-TWTA. In this way, the output gain of TWTA has a large fluctuation, whereas the output power of TWTA we need is the same at each frequency point. The equalizer, whose attenuation frequency characteristics are complementary with the output power characteristics of TWTA in form, is designed to transform the original exciting power into the optimal exciting power required by TWTA to get the best output power. Equalizers play an important role in improving the detection distance of radars. value is the ratio of the energy stored in the resonant cavity to the energy loss of each cycle and it is an important parameter in resonant circuits. The bigger the value is, the more energy the resonant cavity stores. The equalizers with high value can be used in high power amplifier system. Nowadays, equalizers in rectangular waveguide type loaded coaxial cavity (narrow bandwidth) and planar type loaded open resonant stub (relatively wide bandwidth) have been applied in lots of microwave and millimeter systems [2] [3] [4] [5] [6] . On the other hand, the integrated level of RF, microwave, and millimeter wave circuits is getting higher and the size of components is getting smaller due to the rapid development of new materials and new technology. The miniaturization has become the development trend of passive microwave components, including equalizers [7] . The demand for equalizers with small size, low loss, and high value grows gradually. The traditional equalizers, such as coaxial cavity equalizers with large size and microstrip equalizers with high insertion loss and low value, cannot meet the need of TWTAs.
Substrate integrated waveguide (SIW) is a new planar electromagnetic guide wave structure and is better than the traditional microstrip and waveguide type for the superiority 2 Advances in Materials Science and Engineering of the small size, high value, and low insertion loss. Nowadays, this structure is being widely used in the design of microwave and millimeter wave devices [8] [9] [10] [11] [12] [13] [14] . In [12] a single layer SIW equalizer with large size is proposed whose attenuation cannot be tuned. In [13] an equalizer is fabricated using complex LTCC technology, and it has a large insertion loss because of the substrate's uneven surface. In [14] a dual layer equalizer is designed which cannot tune the attenuation and value, and the probe excitation plays a poor role in coupling energy into cavities. What is worse, the size of SIW structure is still difficult to meet the requirement of the equalizer's miniaturization.
Compared with SIW, Half mode substrate integrated waveguide (HMSIW) has a smaller size but with the same performance, and the integrated degree of the substrate integrated waveguide type device is improved [15] . This structure has been widely used in microwave and millimeter wave devices [16, 17] except equalizers.
Based on [14] written by authors, for the first time, an equalizer based on multilayered HMSIW structures is designed and fabricated. It has six cascaded HMSIW resonators. Each of them serves as an independent attenuation tune substructure unit.
Design Procedure and Analysis
A linear array of metallized via holes in substrate, with the upper metallic surface and bottom metallic surface, constitutes the HMSIW structure. A substrate with dielectric constant 11.9 is selected in this paper to simulate and fabricate the equalizer. The thickness of substrate is 0.6 mm.
The Design of HMSIW Transmission Line.
To design the HMSIW equalizer, the HMSIW transmission line should be discussed first. It locates in the middle layer. This structure is used to transmit energy and to excite HMSIW cavities distributing in the upper and bottom layer. To only transit the dominant mode, TE 10 mode, and to inhibit the highorder modes, the dimension of HMSIW should be calculated precisely.
HMSIW can be equivalent with the conventional rectangle waveguide; transformation equations are given as follows [18] :
where and are the length and width of HMSIW, respectively, and and are the width and length of rectangle waveguide, respectively.
is the diameter of via hole and is the distance between via holes. When / < 2 and / < 0.2, the rectangle waveguide resonant cavity theory can be applied to the design of HMSIW resonant cavity.
The Design of Transition between Microstrip and HMSIW.
As the HMSIW transmission line is excited by a microstrip line, the microstrip-to-HMSIW transition is designed to guarantee the impendence matching. It is the characteristic impedance rather than the wave impedance that should be focused. The equivalent characteristic impedance of HMSIW derived from the characteristic impedance of conventional rectangular waveguide [19] is given in (4) .
The equation of characteristic impedance of conventional rectangular waveguide is as follows:
where and are the width and height of conventional rectangular waveguide, respectively, is magnetic permeability, is dielectric constant, and is working wavelength. We replace and with the height ℎ and the equivalent width of HMSIW, respectively. Using the equation,
where is the wave impedance, we get
where = 120 (Ω) is the wave impedance of TEM mode in the air, ℎ is the height of the dielectric substrate, and is relative permittivity.
The microstrip line is well suited to excite the waveguide because the electric fields of the two dissimilar structures are approximately oriented in the same direction and also they share the same profile.
Multiple microstrip lines with different widths and lengths are adopted in this paper to design the transition. The main idea is (1) getting the impedance of HMSIW by (4) and then making it equal to the impedance of microstrip; (2) using the microstrip transmission line impedance equation to calculate the width of a single tapered transmission line; and (3) giving the length of this line segment and calculating the input impedance and repeating the steps above, until the input impedance nearly reaches 50 Ω. Figure 1 shows the measured and the simulated result of the proposed transition made up of five microstrip segments. The maximum measured insertion loss is nearly 0.15 dB in the entire band, better than 0.7 dB in [19] .
The Analysis of HMSIW Resonant
Cavity. The definition of TE mode or TM mode does not depend on the coordinate axis, whereas the definition of the TE and TM mode is relative, related to the coordinate axis. The equivalent structure of HMSIW cavity unit is illustrated in Figure 2 .
Based on the black coordinate axis, the dominant mode is TE 101 mode, and it has three components: , , and . In accordance with this red coordinate axis which is obtained by the rotation of black coordinate axis, the three components of TE 101 mode have changed as follows; namely, the TE 101 mode becomes the TM 110 mode:
In fact, the field distributions of the two modes are identical. But it is the TM 110 mode rather than the TE 101 mode that should be chosen to calculate the resonant frequency; otherwise, there will be a mistake.
The resonant frequency is calculated by (6) , and the height of HMSIW resonant cavity can reach 0 mm [20] :
where 0 is the light velocity in vacuum. The high-order modes should be restrained to make these cavities work in the TM 110 mode. This paper proposes a method to restrain the high-order modes:
Suppose that the HMSIW resonant cavity works at ( 1 , 2 ) ; is relative permeability. Equations (7) and (9) mean the resonant frequencies of high-order modes are not in this band while (8) shows that the TM 110 mode works in it. In this way, it makes sure that the cavity works in the TM 110 mode.
The TE 10 mode is transmitted by the HMSIW line and the energy enters into cavity through the coupling circle. Usually, the coupling is caused by , , and or a combination of them. The coupling in this structure is resulted from the component because the surface current is mainly in the direction. The coupling circle is equivalent as a capacitive electrical susceptance in parallel [21] :
where is the waveguide wavelength and 0 is the free space wavelength and 0 is the waveguide admittance of dominant mode.
is an electric polarization function of frequency and coupling circle's size. The electric-field component of TM 110 is
The and can be calculated by the Maxwell equation set as follows:
where 0 = 2 and is resonant frequency. The value of HMSIW cavity should be concerned. The loss of HMSIW cavity is mainly due to the six metallic faces and the filled dielectric. Assuming that the loss of metallic faces is , the dielectric loss is , and the electric energy is , then the is obtained: where = √ and is loss tangent. The is determined by dielectric loss since the size of cavity is set already. On one hand, the larger the relative dielectric constant is, the larger the dielectric loss is. On the other hand, the dielectric constant determines the power capacity, and they are positively related. A proper dielectric should be chosen to keep a balance between the dielectric loss and power capacity.
The Design of Coupling Structures and Absorbing Pillars.
To design the coupling circles, the position and radius are focused. Once the size of cavity is set, the cavity works at the dominant mode, TM 110 . We can excite the cavity at the middle of wide metal wall (along -axis) or the narrow metal wall (along -axis) to get the maximum field value, whereas the maximum value of 21 should be limited. This paper solves this problem in two ways: one is to change the radius of coupling circle; another is to divert the optimal excitation position. The results are shown in Figure 3 .
From Figure 3 , we can know that the resonant frequency deviates when the position changes along -axis. This is because the discontinuity at coupling circle excites the highorder modes and each mode has a unique attenuation distance, so different positions have different numbers of modes, which have a contribution to the generalized parameter matrix. The generalized parameter matrix is a matrix of infinite dimension, and it shows the mutual coupling between all modes. Usually, only the mutual coupling between the dominant modes is concerned, then the generalized parameter matrix is reduced to a two-dimensional matrix; namely, S = [ 11 12 21 22 ] .
The change in radius of coupling circle can also cause the deviation of frequency because the coupling capacitance has changed as the different sizes of holes are equivalent to the different coupling capacitances, shown in (10) .
Most importantly, absorbing pillar arrays are used to tune the attenuation. The quantity, radius, position, and insertion depth of absorbing pillars are focused. Figure 4 shows the result when the insertion depth changes. The other simulation results are omitted here for brevity. The absorbing pillars are filled by the hydroxyl iron, whose relative permittivity is 30, dielectric loss tangent is 0.53, relative permeability is 5, and magnetic loss tangent is 0.38.
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Film resistors can also be used to tune the attenuation. And the dimension of film resistors should be large enough, so film resistors can radiate heat efficiently. The equalization ability of film resistors is limited, no more than 15 dB.
Through lots of simulations and calculations, we find that when the width of HMSIW resonator is fixed, the longer the length of resonant cavity is, the lower the resonant frequency is. In a word, the resonator length and the absorbing pillar parameters can affect frequency and attenuation regularly and respectively. The cascaded HMSIW cavities can meet the need of TWTAs.
The Design and Measurement of HMSIW Equalizer.
With the analysis above, a HMSIW equalizer with six HMSIW cavities added absorbing pillars is simulated and fabricated. As the relative permittivity of substrate is 11.9, an equivalent magnetic wall is formed and it prevents the energy leaking from the long side wall without the metallic via holes. Figure 5 shows the configuration of HMISW equalizer. All the values of parameters labeled in Figure 5 are shown in Table 1 . This equalizer is fabricated with three PCB substrates. An Agilent N5244A network analyzer is used to verify its performance. Also, the traditional waveguide equalizer loaded by coaxial resonant cavities and the SIW equalizer loaded by six SIW resonant cavities are tested to compare with this structure. The insertion loss 21 and the return loss 11 are given in Figure 6 . From Figure 6 , we can know that the performance of the proposed HMSIW equalizer is nearly the same as that of the SIW equalizer, and it proves the conclusion in [15] perfectly. The maximum insertion loss of HMSIW equalizer is 1.4 dB while the maximum insertion loss of SIW equalizer is 1.1 dB, and the maximum return loss of HMSIW is nearly 12.5 dB while that of the SIW is 12.3 dB. The result shows that the HMSIW equalizer has a larger insertion loss. This is because one side wall of HMSIW equalizer has a slim energy leakage which is inevitable. The insertion loss of waveguide equalizer is nearly 2 dB with the maximum return loss of 18 dB. With the use of isolator, the return loss of waveguide equalizer is better than others. The waveguide equalizer has an excellent tune quality compared to any other types, but waveguide equalizer has a large volume and is difficult to integrate with another planar equipment. 
Conclusion
A novel equalizer based on multilayered HMSIW structures is proposed in this paper, working at 12.5∼14.5 GHz, with small size, high value, and low insertion loss. The measured result is in good agreement with the simulated result. It shares the same performance with the SIW equalizer only in half size, suitable for the development tendency of equalizers' miniaturization. This structure can also be used as the microwave band stop filter without absorbing pillars. 
